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Relaxation characteristics of seven-wire prestressing strand were studied in this 
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were tested under conditions of constant strain. Second 3 stress in the strand specimens 
was reduced at a time of 24 hours after the initial tensioning3 then held at the strain 
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A quadratic equation was developed to predict losses of stress due to relaxation. The 
effects of stress reduction were accounted for by the use of a load reduction variable 
included in the quadratic equation. 
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CHAPTER 1 
INTRODUCTION 
1.1 General 
Prestressed concrete members experience losses in prestressing force 
throughout their lifetime. One of the factors contributing to the change 
in strand stress is stress relaxation, defined as the time-dependent loss 
of stress in a tendon held at constant strain. The rate at which 
relaxation occurs varies greatly during the life of the strand. The 
relaxation occurs most rapidly at the time the strand is first 
tensioned. Afterwards, the rate of loss of stress decreases continuously 
with time. Eventually, stress in the strand remains essentially 
constant. Instantaneous reductions in stress within the strand may also 
occur, as is the case when transfer of prestress takes place. 
Strains wi thin the prestressing strand, from the time of ini tial 
stressing and throughout the service life of the strand, will be 
dependent on many factors. Some of these factors are ini tial stress, 
chemical properties of the strand, conditions of and time of transfer of 
stress to concrete, temperature, and loading condi tions of the member. 
The purpose of this investigation was to study the characteristics of 
stress relaxation in prestressing strands subjected to varying stresses. 
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1.2 Review of Previous Investigations 
Strand stresses within a prestressed concrete member are impossible 
to predict exactly at any arbitrarily chosen time. Losses of 
prestressing force occur due to concrete creep and shrinkage, relaxation 
of prestressing strand, and other contributing factors. Hernandez and 
Gamble (8), and Glodowski and Lorenzetti (7) developed analytical methods 
to evaluate the interaction between the various prestress losses, and to 
better predict the total amount of prestress losses in prestressed 
concrete structures. Both methods used an iterative procedure which took 
into account each of the variables affecting prestress loss. Each method 
required the use of separate parameters describing the creep and 
shrinkage characteristics of ,concrete and relaxation characteristics of 
prestressing strand. 
Stress relaxation characteristics of prestressing strand can be 
determined through long-term tests of individual strands. A considerable 
amount of research has been done previously on a variety of prestressing 
strands and wires. Magura, Sozen, and Siess (10) developed an equation 
expressing losses of stress due to relaxation as a function of the log of 
time and of the ratio of initial stress in the strand to stress at 
0.1 percent strain offset (yield stress). The equation has the following 
form: 
%SR [l~~ t (R - .55)J x 100 for R > .55 (1 • 1 ) 
where: 
3 
%SR % stress relaxation; 
t time in hours after stressing; and 
R ratio of initial stress to yield stress 
The equat ion, developed from da ta from tests of strand specimens 
subj ected to constant strain condi tions, plots as a straight line on a 
semi-log graph with %SR = O. at t = 1.0 hour. The slope of the curve is 
dependent upon the ratio of initial stress to yield stress, R. All test 
results indicated that as the initial stress applied to the strand 
increased, the rate at which relaxation occurred increasede 
The effects of prestretching, an intentional temporary 
over-tensioning of a strand or wire (at the time of ini tial stressing) 
for a short period of time" prior to anchoring it at the intended initial 
stress, were also investigated in studies done by Magura, et ale (10), 
Dumas (5), Kajfasz (9), Gifford (6), and Antill (2). Prestretching was 
applied to the specimens for a period of time varying from 2 to 1 5 
minutes, and all researchers concluded that prestretching had no major 
effect on long-term lOSSeS of stress dUe to relaxation. 
Restressing, a process of retensioning a strand to its initial 
stress after a prolonged period of ,time, was investigated by Brereton 
(2), and Campbell-Allen (2). In these studies, specimens were initially 
tensioned to 70 percent of nominal ultimate tensile stress (u.t.s.), held 
at a constant strain for between 100 and 1000 hours, and then restressed 
to 70 percent of nominal u.t.s. and held at this new constant strain for 
an addi tional 1000 hours. Results showed clearly that the amount of 
stress relaxation which took place in the strand after restressing was 
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much less than that which had occurred in strands that had no previous 
stressing and had an equal initial stress. Additional losses of stress 
due to relaxation after the restressing were greater for strands that 
were restressed after 100 hours than for strands that were restressed 
after 1000 hours. However, restressing was not recommended for use in 
the prestressing industry because of its inherent inconvenience. 
Glodowski and Lorenzetti (7), in their attempt to estimate prestress 
losses in a member by considering the interaction of the various factors 
contributing to prestress loss, developed a method for determining steel 
stress relaxation losses during conditions of changing strain. They 
predicted losses of prestress due to relaxation of the strand by using an 
effecti ve ini tial stress which was defined as the algebraic sum of the 
initial applied stress and any other later changes in that stress due to 
factors other than stress relaxation. The relat ionship between stress 
relaxation and time was expressed in a quadratic equation of the 
following form: 
%SR 2 A + B (~n t) + C (~n t) (1 .2) 
where A, B, and C were functions of the ratio of initial steel stress to 
a measure of the steel strength, either yield stress or ultimate tensile 
strength, and were intended to be empirically formulated. To account for 
rapidly applied changes in strain, an equivalent starting time for a new 
relaxation curve was defined on the basis of the change in strain and the 
previous relaxation loss. However, a method of calculating the variables 
A, B, and C was not gi ven and to date this procedure has not been 
verified experimentally. 
5 
1.3 Objectives and Scope 
The objective of this research project was to investigate stress 
relaxation characteristics of seven-wire prestressing strands subjected 
to a constant strain 0 A second objective was to investigate stress 
relaxation characteristics of strands subjected to varying stresses. 
Stress relaxation of stress-relieved and low-relaxation strands was 
studied in this experiment. Both types of strand were subjected to two 
different loading condi tions. First (Group I Tests), strands were 
tensioned to a selected percentage of nominal u. t. s. and maintained at 
the strain accompanying that ini tial stress throughout the duration of 
the test. Second (Group II Tests), strand specimens were tensioned to a 
selected percentage of nomi~al u.t.s. and maintained at the accompanying 
ini tial strain for a period of 24 hours. The load in the strand 
specimens was then reduced to a predetermined percentage of nominal 
u.t.s. lower than that which had been applied initially and held at the 
strain accompanying the reduced stress for the remainder of the test. 
The duration of the tests varied from 500 to 2000 hours. 
8 
positioned between a hydraulic jack and a strand grip at the end of the 
tensioning strand, was used to measure the force applied to the strand. 
Group I specimens were held at the strain accompanying their initial 
stress for the remainder of the test. Group II specimens were held at 
the strain accompanying their initial stress for a period of 24 hours. 
The stress in each strand of Group II was then reduced by ei ther 5 
percent or 10 percent of nominal u.t.s. below the stress that was 
ini tially applied. The strand specimens were then held at the strain 
accompanying the reduced stress for the remainder of the test. A 
detailed description of the testing procedures is given in Appendix C. 
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CHAPTER 3 
TEST RESULTS 
3.1 General 
The data generated in this experimental investigation was obtained 
using the procedure described in Appendix C .. Both stress-relieved 
strands and low-relaxation strands were tested under condi tions of 
constant strain and conditions of varying stress. A listing of data 
from all tests is given in Tables 2.1 and 202 
Throughout the duration of each test, individual strain readings 
from the load cell strain indicator and the test duration time 
accompanying the load cell reading were recorded. Each load cell reading 
was converted into a strand stress (f). Percent stress relaxation (%SR) 
s 
could then be calculated using the strand stress (f ) and the ini tial 
s 
stress (f
si ) as follows: 
%SR 
where: 
f 
(1 - .2... ) x 1 00 f . 
S1 
%SR % stress relaxation; 
f. initial stress; and 
S1 
f strand stress at time t. 
s 
(3" 1 ) 
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3.2 Results of Tests 
3.2.1 Group I Tests 
Six spec imens of stress-relieved strand (labeled SR 1 through SR6) 
and six specimens of low-relaxation strand (labeled LL1 through LL6) were 
tested under condi tions of constant strain. The strand specimens were 
tensioned to i ni t i al s tr ess es rang ing from 60 per cen t of nomi nal 
u. t. s. to 80 percen t of nominal u. t. s. Fi ve spec imens of each type of 
strand were held at the strain accompanying their ini tial stress for a 
duration of approximately 1000 hours. One specimen of each type of 
strand was held at the strain accompanying the ini tial stress for a 
duration of 2000 hours. Data from the tests having durations of 2000 
hours provided the basis fqr extrapolating the results of the tests 
having durations of 1000 hours. 
After a test duration of 1000 hours, stress-relieved strand 
specimens tensioned to initial stresses of 80 percent and 60 percent of 
nominal u.t.s. exhibited losses of stress due to relaxation of 
approximately 8.0 percent and 2.2 percent of the initial stress, 
respectively. Specimens of low-relaxation strand tensioned to initial 
stresses of 80 percent and 60 percent of nominal u.t.s. exhibited losses 
of stress due to relaxation in the order of 1.7 percent and 1.0 percent 
of the initial stress, respectively. A complete listing of all raw data 
for both types of strand tested under condi tions of constant strain is 
given in Table D.1. 
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3.2.2 Group II Tests 
Strand specimens tested in Group II were tensioned to initial 
stresses ranging fr~om 65 percent to 80 percent of nominal u.t.s. and held 
at the strain accompanying the initial stress for a period of 24 hours. 
For fi ve specimens of stress-relieved strand (labeled SR7-5 through 
SR11-5) and six specimens of low-relaxation strand (labeled LL7-5 through 
LL12-5), the load within the strand was reduced to a stress of 5 percent 
of nominal u. to s. below the initial stress and held at the strain 
accompanying the reduced stress for the remaining duration of the test. 
For four specimens of stress-relieved strand (labeled SR 12-10 through 
SR15-10) and four specimens of low-relaxation strand (labeled LL13-10 
through LL16-10), the load within the strand was reduced to a stress of 
10 percent of nominal u. t. s. below the ini tial stress and held at the 
reduced strain for the remaining duration of the test. 
The elapsed time of the Group II tests was measured from the time 
at which the reduced stress was applied. Losses due to stress relaxation 
were computed on the basis of the reduced stress (f ), replacing the 
sr 
initial stress (f
si ) in Eq. 3.1. For tests of stress-relieved strand and 
for a test duration of 500 hours, a specimen tensioned to an ini tial 
stress of 80 percent of nominal u.t.s. and after 24 hours tensioned to a 
stress of 75 percent of nominal u.t.s. exhibited a loss of stress due to 
relaxation of approximately 3.1 percent of the reduced stress (f ). A 
sr 
specimen also tensioned ini tially to a stress of 80 percent of nominal 
u.t.s. but after 24 hours tensioned to a stress of 70 percent of nominal 
u.t.s. exhibited a loss of stress due to relaxation of approximately 1.4 
percent of the reduced stress (f ). A specimen tensioned to an initial 
sr 
12 
stress of 70 percent of nominal u.t.s. and after 24 hours tensioned to a 
stress of 65 percent of nominal u.t.s. exhibited a loss of stress due to 
relaxation of approximately 1.8 percent of the reduced stress (f ). A 
sr 
specimen also tens ioned ini t ially to a stress of 70 percent of nominal 
u.t.s. but after 24 hours tensioned to a stress of 60 percent of nominal 
u.t.s. exhibited a loss of stress due to relaxation of approximately 0.5 
percent of the reduced stress (f ). 
sr 
For tests of low-relaxation strand and again for a test duration of 
500 hours, a specimen tensioned to an ini tial stress of 80 percent of 
nominal u.t.s. and after 24 hours tensioned to a stress of 75 percent of 
nominal u.t.s. exhibited a loss of stress due to relaxation of 
approximately 0.65 percent of the reduced stress (f ). A specimen also 
sr 
tensioned initially to a stress of 80 percent of nominal u.t.s. but 
after 24 hours tensioned to a stress of 70 percent of nominal 
u.t.s. exhibited a loss of stress due to relaxation of approximately 0.35 
percent of the reduced stress (f ). A specimen tensioned to an initial 
sr 
stress of 70 percent of nominal u.t.s. and after 24 hours tensioned to a 
stress of 65 percent of nominal u.t.s. exhibited a loss of stress due to 
relaxation of approximately 0.44 percent of the reduced stress (f ). A 
sr 
specimen also tensioned ini tially to a stress of 70 percent of nominal 
u.t.s. but after 24 hours tensioned to a stress of 60 percent of nominal 
u.t.s. exhibited a loss of stress due to relaxation of approximately 0.25 
percent of the reduced stress (f ). A complete listing of all raw data 
sr 
for both types of strand tested in Group II is given in Table D.2. 
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3.3 Analysis and Discussion of Results 
3.3 .. 1 General 
Several analytical models have been developed to predict the amount 
of stress relaxation in prestressing strands and wires. Magura, et 
al" (10) developed an expression to estimate losses due to stress 
relaxation. For stress-relieved strand, the equation has the following 
form: 
%SR [l~~ t (R - .55)J x 100 for R > .55 (3 .. 2) 
where: 
%SR % stress relaxation; 
t time in hours after stressing; and 
R = ratio of initial stress to stress at 0.1 percent strain 
offseto 
A modification to Eq. 3.2 was developed by the steel manufacturers 
(B) to estimate losses due to stress relaxation in low-relaxation 
strand. The equation has the following form: 
%SR [10;5 t (R - .55)J x 100 for R > .55 
Both equations were derived from results of constant strain 
relaxation tests. Characteristics of stress relaxation for both types of 
strand, according to Magura, et ale (10), are shown in Fig. 3. 1 . For 
comparative purposes, curves plotted using Eqs .. 3.2 and 3.3 were both 
assumed to have a value of R = O.B. 
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Glodowski and Lorenzetti (7) developed a quadratic equation to 
estimate losses due to stress relaxation in prestressing strand. The 
quadratic equation has the following form: 
%SR 2 A + B(in t) + C(in t) (3.4) 
where the variables A, B, and C are functions of the initial stress and 
were in tended to be empir ically der i ved. They fel t that the parabol ic 
form of the curve plotted using Eq. 3.4 was a more accurate 
representation of losses due to stress relaxation in prestressing 
strand than were estimates developed previously. Examples of some curves 
plotted using Eq. 3.4 and values of R of 0.735 and 0.793 for 
stress-relieved strand are shown in Fig. 3.2. 
The quadratic equation was then used as the basis for a procedure 
to determine stress relaxation under conditions of changing strains. The 
procedure, used in the investigation by Glodowski and Lorenzetti (7) to 
study the interaction between concrete creep and shrinkage and steel 
stress relaxation, suggested a method of transfer from one stress 
relaxation curve to another. An example of the process of transfer 
of curves is illustrated in Fig. 3.3. Shown are stress-time curves 
illustrating an instantaneous stress reduction which would occur when 
transfer of prestress takes place. Plot ted in the figure are two 
hypothetical stress-time curves for prestressing strand, one ini tially 
tensioned to stress X (strand X), and a second strand initially tensioned 
to a lower stress Y (strand y). A stress reduction is presumed to have 
occurred in strand X at a time of 24 hours, such that the new stress in 
strand X is equal to the stress found in strand Y at a time of 24 hours. 
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A method of estimating stress loss due to reI axa t ion has not been 
developed which can account for such a reduction in stress. Figure 3.3 
shows that the stress relaxation behavior of strand X, after the stress 
reduction, is currently presumed to follOW the same behavior of stress 
relaxation as would be the case for strand Y. 
The investigation done by Hernandez and Gamble (8) modeled the 
behavior of the stress-time curve for strand Y as the new stress-time 
curve for strand X after the stress reduction. They modeled the curves 
after the equation developed by Magura, et al" (10). However, the 
stress-time curve used to predict losses due to stress relaxation in 
strand Y was derived with the initial stress as an independent variable 
and did not include consideration of any prior str'ess relaxation which 
may have taken place within' the strand. 
To incorporate the effects of previous stress losses on prediction 
of strand relaxation, Glodowski and Lorenzet ti (7) studied the use of 
both "vertical" and "horizontal" transfer of curves as shown in 
Fig 0 3" 4.. Their method was based on the use of an effective ini tial 
stress which was defined as the algebraic sum of the ini tial applied 
stress and any later changes due to factors other than s tr ess 
relaxation. The R-ratio was then defined as the ratio of effecti ve 
initial stress to the stress at 0.1 percent strain offset. The value of 
R was therefore based on external strain changes and not on the amount of 
stress lost due to stress relaxation. Prior stress losses due to 
relaxation were taken into account by the curve transfer method. 
A "vertical II curve transfer from a previous stress relaxation-time 
curve to a new curve was the description of an instantanious strain 
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change. However, prior losses of stress due to relaxation at the higher 
initial stress were not taken into account. A "horizontal" curve 
transfer from a previous stress relaxation-time curve to a new curve did 
take into account previous losses of stress due to relaxation and defined 
the starting point of the new stress relaxation-time curve. For the 
"horizontal" curve transfer method, the R-ratio defined the shape of the 
curve and the previous stress relaxation at a higher ini tial stress 
defined the starting the point on that curve. 
The method of horizontal transfer was chosen in their investigation 
as being best suited for the analysis of interaction of prestress loss. 
However, an instantaneous stress change, such as occurs when transfer of 
prestress takes place, would be better described by a vertical curve 
transfer. Analysis and verification is needed for a vertical curve 
transfer method. 
3.3.2 Analysis of Data for Group I Specimens 
Statistical analysis based on a least squares method of curve 
fi tting was used to analyze the data. Shown in Fig. 3.5 are quadratic 
curves derived from the statistical analysis of specimens of both 
stress-relieved strand and low-relaxation strand.' The specimens were 
subjected to ini tial stresses ranging from 60 percent to 80 percent of 
nominal u.t.s. 
The initial 24 hours of the Group II tests (strands subjected to a 
stress reduction) were conducted under condi tions of constant strain. 
The values of ini tial stress of the Group II tests were equal to the 
values of ini tial stress of the Group I tests. The resul ts from these 
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tests were also used to better posi tion the stress relaxation curves 
plotted in Fig. 3.5. Figure 3.6 shows the reposi tioned curves of 
Fig. 3 .. 5 for both types of strand. The greatest percentage of stress 
relaxation at a time of one hour occurred in strand specimens tensioned 
to an ini tial stress of 80 percent of nominal u. to s.. Strand specimens 
tensioned to an initial stress of 60 percent of nominal 
u .. t .. s .. experienced the lowest percentage of stress relaxation after on 
hour .. 
The statistical analysis of the data generated in this investigation 
indicated that a parabolic curve best represented the data for any given 
test .. The form of the quadratic equation presented by Glodowski and 
Lorenzetti (7) was used to develop a method of predicting stress 
relaxation in this investigation. The variables A, B, and C were 
derived from results of the statistical analysis done on the data of 
this investigation. To include the effects of ini tial stress, the 
R-ratio, defined as the ratio of initial stress (f .) to the stress at 
S1 
O. 1 percent strain offset (f ), was used in determining values of the py 
variables.. For stress-relieved strand, the quadratic equation has the 
following form: 
%SR 2 A + B(~n t) + C(~n t) 
where: 
%SR % stress relaxation; 
t time in hours after stressing; 
A 5.8 x R - 3.1; 
B .49 x R - .20; 
18 
C .45 x R - .25; and 
R ratio of initial stress to stress at 0.1 percent offset. 
As with the equation suggested by Magura, et ale (10), equation 3.5 is 
not applicable for values of R below 0.53. 
Low-relaxation strand exhibited much lower values of losses of 
stress due to relaxation than did stress-relieved strand. The quadratic 
equation for low-relaxation strand has the following form: 
%SR 
where: 
2 A + B(£n t) + C(£n t) 
A 1.97xR-l.0; 
B .118 x R - .047; and 
C .040 x R - .014. 
(3.6) 
Curves plotted on semi-log graphs using Eqs. 3.5 and 3.6 are shown 
in Fig. 3.7. A trend obvious from inspection of these curves is that as 
the initial stress decreases, the slope of the curve (rate of relaxation) 
decreases. Equation 3.6 is not applicable for values of R below 0.51. 
A comparison may be made between actual stress relaxation data and 
stress relaxation curves plotted using Eqs. 3.5 and 3.6. Data from tests 
of stress-relieved strand tens ioned to ini tial stresses of 80 percent 
and 60 percent of nominal u. t. s. are plotted in Fig e 3.8 along wi th 
stress relaxation curves generated from Eq. 3.5. The same ini tial 
stresses were used ~o generate the curves as were used for the 
accompanying data points. Data from tests of low-relaxation strand are 
plotted in Fig. 3.9 along with stress relaxation curves generated from 
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Eq .. 3 .. 6, again using the same ini tial stresses as were used for the 
accompanying data paints. 
3.3.3 Analysis of Data for Group II Specimens 
The statistical analysis of data resulting from the Group II tests 
(in which strand specimens were subjected to a stress reduction) was 
similar to the approach used for analysis of data from the Group I 
tests .. Data taken after the stress reduction were imposed in the 
analysis. Quadratic curves generated from the statistical analysis for 
stress relieved strand are shown in Fig. 3.10. Two semi-log graphs are 
shown in the figure. Shown in the first are stress relaxation curves 
after a reduction in stress of 5 percent of nominal u. t. s below the 
initial stress level. Shown in the second are stress relaxation curves 
for strands experiencing a reduction in stress of 10 percent of nominal 
u.t.s. below the initial stress level. The values of stress relaxation 
(%SR) were computed using Eq. 3 .. 1, replacing the initial stress (f .) 
Sl 
wi th the reduced stress (f ) . 
sr 
Quadratic curves based on results of 
statistical analysis of behavior of low-relaxation strand are shown in 
Fig. 3.11. Two graphs are also shown in this figure, one graph for a 
reduction in stress of 5 percent of nominal u. t" So below the ini tial 
stress level, and a second for strands experiencing a reduction in stress 
of 10 percent of nominal u.t.s .. below the initial stress level. 
The quadratic equations, Eqs. 3.5 and 3.6, developed in the previous 
section were also used in the analysis of the data from Group II tests. 
A new variable, which would include the effects of the stress reduction, 
was also introduced. Although strand specimens of Group II had a stress 
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reduction of either 5 percent or 10 percent of nominal u.t.s. below the 
initial tensioning stress, not all strand specimens had an equal stress 
reduction at a time of 24 hours. A strand specimen tensioned to an 
initial stress of 80 percent of nominal u.t.s. had greater losses of 
stress due to relaxation at 24 hours than did a strand specimen tensioned 
to an initial stress of 60 percent of nominal u.t.s. The actual stress 
reduction in the strand specimen was used in the analysis" The actual 
stress reduction was calculated as the stress reduction below the initial 
stress (5 percent or 10 percent) minus the loss of stress due to 
relaxation at 24 hours computed from Eq. 3.5 or 3.6. A listing of actual 
stress reductions for both types of strand using the prescribed 
calculation is given in Table 3.'. 
The variables Band C were based on a linear analysis of data which 
was made in the following manner. For a constant value of R, a linear 
relationship was drawn between the actual stress reduction, LR (percent 
load reduction), and each of the variables (B or C) derived from the 
statistical analysis of Group II tests. A linear analysis was then done 
between the R-ratio values and each of the variables (B or C which are 
dependent on the variable LR). This method of derivation for variable C 
is as follows: 
R-ratio C 
C1 m1 x LR + b, 
m2 x LR + b2 
Then: 
C 
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The variable A is computed as the sum of the initial stress relaxation at 
24 hours, the actual percent stress reduction (LR), and the negative of 
variables Band C at a time of 24 hours.. The total amount of stress 
relaxation just after the stress reduction will be equal to the v3lue of 
stress relaxation prior to the stress reduction plus the percent LR. For 
stress-relieved strand, the quadratic equation has the following form: 
%SR 2 A + B(~n t) + C(~n t) (3.8) 
where: 
form 
have 
%SR % stress relaxation; 
A 1.23 x LR x R + .211 x LR + 5.8 x R - 3.1; 
B -.340 x LR x R + .210 x LR + .49 x R - .20; 
C -.024 x LR x R + .012 x LR + .45 x R - .25; 
R ratio of initial stress to stress at 0.1 percent offset; and 
LR % load reduction at 24 hours. 
A simi lar analysis was used for the low-relaxation strand. The 
of the quadratic equation is the same, but the variables A, B, and C 
changed. For low-relaxation strand, the variables are as follows: 
A .0605 x LR x R + .9856 x LR + 1 .. 97 x R - 1.0 
B -.0149 x LR x R + .0023 x LR + • 118 x R - .047 
c -.0013 x LR x R + .0007 x LR + .040 x R - .014 (3.9) 
A greater degree of accuracy was needed for the compu ta t ion of the 
variables for low-relaxation strand because of the much lower values of 
stress relaxation than predicted for stress-relieved strand. 
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Using a load reduction (LR) of zero percent when computing the 
variables A, B, and C will yield the same equations derived previously 
for the Group I tests (Eqs. 3.5 and 3.6). The effects of different 
percentages of load reduction are shown in Figs. 3. 12 and 3. 1 3. Both 
Fig. 3.12 (for stress-relieved strand) and Fig. 3.13 (for low-relaxation 
strand) contain two graphs. One graph represents the behavior of strands 
tensioned to initial stresses of 80 percent of nominal u.t.s. The other 
graph represents behavior of strands tensioned to initial stresses of 60 
percent of nominal u.t.s. For both cases of ini tial stress, as the 
percent load reduction increases, the rate of relaxation decreases. 
The method of vertical curve transfer is illustrated in Figs. 3.14 
(for stress-relieved strand) and 3.15 (for low-relaxation strand). Shown 
in each graph are two curves plotted using the equations developed in 
this investigation and using no load reduction. For compar at i ve 
purposes, one curve represents the behavior of strands having an initial 
stress of 75 percent of nominal u. t. s., the other curve represents the 
behavior of strands having an initial stress of 70 percent and 65 percent 
of nominal u.t.s. for the top and bottom graphs, respectively. A third 
curve was also plotted in each graph using an initial stress of 75 
percent of nominal u.t.s., but using a load reduction equal to the 
difference in stresses calculated from the two previous curves at a time 
of 24 hours. The reduced stress of the third curve is then equal to the 
stress calculated for the second curve at a time of 24 hours. A fourth 
curve (fldotted") illustrates the difference in rates of relaxation 
for curves plotted using and not using a load reduction and having the 
same stress at a time of 24 hours. The rate of relaxation after the load 
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reduction is shown to be lower than the rate of relaxation for the curve 
plotted with the same stress at a time of 24 hours. However, the 
difference in rates of relaxation was more prominent for curves 
representing the relaxation behavior of stress-relieved strand than for 
curves representing the relaxation behavior of low-relaxation strand. 
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CHAPTER 4 
COMPARISON OF PROPOSED EQUATIONS WITH OTHER PREDICTION METHODS 
This chapter contains a comparison of values of stress relaxation 
obtained from the equations developed in this investigation, and values 
obtained using other prediction methods developed previously. 
The most widely used method for predicting loss of steel stress due 
to relaxation is the one developed by Magura, et ale (10), as shown in 
Eq. 3.2. A modif ication was then made to their equation after the 
introduction of low-relaxation strand, Eq. 3.3. Curves plotted by using 
the quadratic equations developed in this investigation and curves based 
on the method of Magura are shown in Fig. 4.1. Shown in the figure are 
two separate graphs, one for stress-relieved strand and the other for 
low-relaxation strand. Comparisons are made between curves plotted using 
the same value of R. The range of values of stress relaxation predicted 
by both methods is observed by using values of R of 0.80 and 0.60. 
Values of loss of stress due to relaxation predicted using both 
methods for stress-relieved strand compare reasonably well. For time 
less than ten hours, a better estimate of actual stress relaxation loss 
is given by the quadratic equation. This is because values predicted 
using the equation of Magura are equal to zero at a time of one hour. 
For test durat ions greater than 1000 hours, the difference in values 
predicted by the two methods becomes larger, with the quadratic equation 
predicting higher values of stress relaxation. 
Similar resul ts are obtained compar ing predictions of behavior for 
low-relaxation strand. However, values of stress relaxation predicted 
25 
using the quadratic equation developed in this investigation are slightly 
higher than values predicted using the modified equation of Magura. 
The investigation done by Glodowski and Lorenzetti (7) did not give 
a method for determining the variables A, B, and C used in the quadratic 
equation, Eq. 3.40 However, several curves were plotted in their 
report using the method they developed. Shown in Fig. 4.2 are stress 
relaxation curves plotted for stress-relieved strand. Values of R of 
0.797 and 0.735 were used to plot the curves of both methods. Simi lar 
curve shapes were generated by both methods, but plotted values of stress 
relaxation using the equation developed in this investigation were shown 
to have higher values after approximately 120 hours for a value of R of 
0.797 while showing all higher values of stress relaxation for a value of 
R of 0 .. 735. 
Very little information was given by Glodowski and Lorenzetti on a 
method for determining values of stress relaxation occurring after a 
strain (stress) reduction. An example of a vertical curve transfer given 
in their report is shown in Fig. 4.3. A similar graph is presented in 
Fig. 4 .. 4 in which the curves were generated using the curve transfer 
method developed in this investigation. The same R-ratio values for 
stress-relieved strand were used in both figures. The "dotted" curve 
shown in Fig. 4.4 illustrates the difference in rates of relaxation for 
two curves representing the relaxation behavior for two different strands 
wi th the same stress at a time of 24 hours. However, one strand was 
tensioned to an initial stress having an R value of 0.790 while the other 
had an R value of 0&728. Aside from the difference in predicted values 
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of stress relaxation, both show a lower rate of relaxation after the load 
reduction. 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS 
5.1 Summary of Experimental Investigation 
The primary objective of this research project was to investigate 
relaxation characteristics of seven-wire prestressing strand subjected to 
a constant strain. A second objective was to investigate relaxation 
characteristics of strand subjected to a stress reduction 24 hours after 
initial stressing. 
Relaxation of stress-relieved and low-relaxation strands was studied 
in this investigation. Both types of strand were subj ected to two 
different loading conditions. First (Group I Tests), strand specimens 
were tensioned to initial stresses ranging from 60 percent to 80 percent 
of nominal ultimate tensile strength (u.t.s.). The strands were then 
maintained at the strain accompanying the initial stress for the 
remai n i ng dura t i on of the test. Second (Group II Tes ts), strand 
specimens were tensioned to initial stresses ranging from 65 percent to 
80 percent of nominal u.t.s. and were held at the strain accompanying the 
ini tial stress for a per iod of 24 hours. The load in each strand was 
then reduced to a stress which was 5 percent or 10 percent of nominal 
u.t.s. below the initial stress and held at the strain accompanying the 
reduced stress for the remainder of the test. 
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5.2 Summary of Analysis of Results 
A statistical analysis based on a least squares method of curve 
fitting was used to analyze the data of this investigation. Based on the 
resul ts of the analysis, a parabol ic curve plotted using a quadratic 
equation was shown to best represent the data for any given test. The 
form of the equation originally presented by Glodowski and Lorenzetti (7) 
was also used in this investigation to predict losses of stress due to 
steel relaxation. The equation was the following form: 
%SR A + B (~n t) + C (~n t)2 (5 • 1 ) 
where: 
%SR % stress relaxation; and 
t time in hours after stressing. 
The variables A, B, and C were derived from the results of the 
statistical analysis and are dependent upon the ratio of initial stress 
to stress at 0.1 percent strain offset. 
A new variable was introduced for estimating loss of stress due to 
relaxation after a stress reduction. The var iable LR (Load Reduction) 
was included in the computation of the variables A, B, and C for 
Eq. 5.1. Separat e sets of var iables (A, B, and C) were der i ved for 
stress-relieved strand and for low-relaxation strand as outlined in 
Chapter 3. 
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5.3 Conclusions 
Based on the data generated in this experimental investigation and 
the statistical analysis of the data, the followin"g conclusions can be 
drawn: 
1 D Loss of stress due to steel relaxation was found to be best 
approximated as a quadratic function of the natural log of time. 
2.. The equation developed by Magura, et al .. (10) for stress-
relieved strand was shown to be a good estimation of stress losses due to 
relaxation. The modified version of the Magura equation developed by the 
steel manufacturers (8) for low-relaxation strand was shown to 
under-estimate values of loss of stress due to relaxation. 
3.. Results from the ~roup II Tests (tests in which stress was 
intentionally reduced) showed that, as the amount of reduction in stress 
increased, the rate at which relaxation occurred following the reduction 
of stress decreased. 
4. Previous investigations in which the interaction of all prestress 
losses were examined to develop a me thod for es ti rna t i ng the total 
amount of prestress loss over long periods of ':ime, and not making any 
concessions to the lower rate of stress relaxation after a stress 
reduction, tended to be overly conservative in their estimations of 
stress loss due to relaxation of strands. 
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TABLES 
Table 2. 1 Relaxation Tests Under Conditions of Constant Strain (Group I Tests) 
Stress Reduction 
Offset Initial Initial Reduced Final Stress 
Mark 1 Strength Stress2 Stress Offset Str'ess Reduction Final Stress Relaxation3 
fpu fpy fsi fsi/fpy fsr Time Time fs % SR 
ksi ksi ksi % ksi Hours Hours ksi % 
SRl 290 262 162 61 .9 1154 158 2.26 
SR2 290 262 176 67 . 1 1153 170 3.02 
SR3 290 262 189 72.2 1133 185 5.48 
SR4 290 262 189 72.2 1008 186 4.87 
SR5 290 262 203 77.4 1132 1 91 5.75 
SR6 290 262 216 82.6 2000 196 9.24 w 
LL 1 287 266 162 60.9 1008 160 1 .01 
LL2 287 266 176 66.0 1008 174 1 .31 
LL3 287 266 189 71 . 1 1008 186 1 .37 
LL4 287 266 189 71 • 1 1006 186 1 .40 
LL5 287 266 203 76.1 1008 200 1 .35 
LL6 287 266 216 81 .2 2008 212 1'.77 
lStress-relieved strand (SR), low-relaxation strand (LL). 
2Based on 0.1 percent strain. 
3% SR = 1 - (f If .). 
s Sl 
Table 2.2 Relaxation Tests Subjected to a Stress Reduction (Group II Tests) 
Stress Reduction 
Offset Initial Initial Reduced Final Stress 
Mark l Strength Stress2 Stress Offset Stress Reduction Final Stress Relaxation3 
fpu fpy fsi fsi/fpy fsr Time Time fs % SR 
ksi ksi ksi % ksi Hours Hours ksi % 
SR7 -5 290 262 176 67 . 1 162 24 868 160 1 .30 
SR8 -5 290 262 189 72.2 176 24 868 171 2.10 
SR9 -5 290 262 203 77.4 189 24 868 184 2.60 
SR10-5 290 262 203 77.4 .189 24 837 183 2.94 
SR11-5 290 262 216 82.6 203 24 867 195 3.51 w f\) 
SR12-10 290 262 189 72.2 162 24 504 1 61 0.49 
SR13-10 290 262 203 77.4 176 24 500 174 0.82 
SR14-10 290 262 203 77.4 176 24 700 173 1 .24 
SR15-10 290 262 216 82.6 189 24 500 186 1 .30 
LL7 -5 287 266 176 66.0 162 24 500 161 0.38 
LL8 -5 287 266 189 71 . 1 176 24 500 175 0.47 
LL9 -5 287 266 189 71 . 1 176 24 840 175 0.49 
LL10-5 287 266 203 76. 1 189 24 503 188 0.56 
LL11-5 287 ~66 203 '76 • 1 189 24 840 188 0.64 
LL12-5 287 266 216 81 .2 203 24 503 201 0.63 
LL13-10 287 266 189 71 . 1 162 24 504 162 0.26 
LL14-10 287 266 203 76. 1 176 24 504 175 0.33 
LL15-10 287 266 203 76. 1 176 24 840 175 0.40 
LL16-10 287 266 216 81 .2 189 24 504 188 0.36 
lStress-relieved strand (SR), low-relaxation strand (LL). 
2Based on 0.1 percent strain. 
3% SR = 1 - (f If ). 
s sr 
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Table 381 Actual Stress Reductions for Group II Tests 
1 Test 
Mark 
SR7 -5 
SR8 -5 
SR9 -5 
SR10-5 
SR11-5 
SR12-10 
SR13-10 
SR14-10 
SR15-10 
LL7 -5 
LL8 -5 
LL9 -5 
LL10-5 
LL11-5 
LL12-5 
LL13-10 
LL14-10 
LL15-10 
LL16-10 
Initial 
Stress 
fs 
ksi 
176 
189 
203 
203 
216 
189 
203 
203 
216 
176 
189 
189 
203 
203 
216 
189 
203 
203 
216 
2 Stress 
Relaxation 
@ 24 Hours 
% 
1 .73 
2.34 
2.96 
2.96 
3.57 
2.34 
2.96 
2.96 
3.57 
0.52 
0.66 
0.66 
0.80 
0.80 
0.94 
0.66 
0.80 
0.80 
0.94 
Reduced 
Stress 
fsr 
ksi 
162 
176 
189 
189 
203 
162 
176 
176 
189 
162 
176 
176 
189 
189 
203 
162 
176 
176 
189 
Actua1 3 
Stress 
Reduction 
% 
3.27 
2.66 
2.04 
2.04 
1 .43 
7.66 
7.04 
7.04 
6.43 
4.48 
4.34 
4.34 
4.20 
4.20 
4.06 
9.34 
9.20 
9.20 
9.06 
1 
-5 (5 percent load reduction below initial tensioning stress) 
-10 (10 percent load reduction below initial tensioning stress) 
2 Computed on the basis of Eqs. 3.5 and 3.6. 
3Load reduction (5 or 10 percent) minus computed stress 
relaxation at 24 hours. 
34 
FIGURES 
>-: 
Z 
0 
t-f 
f-
er 
x 
([ 
--1 
W 
at:: 
(j) 
(j) 
w 
at:: 
t-
(j) 
12 
10 
8 
6 
4 
2 
o 
0. 1 
35 
STRESS-RELIEVED 
LOW-RELAXATION 
Tsi 
T py = 0.8 
1 .0 10 
TIME 
STRAND 
STRAND ---
100 
(HOURS) 
1000 1000fZ} 
Figure 3.1 Stress Relaxation vs. Time, Linear Curves Generated by Using 
Equation Developed by Magura, ~ozen» and Siess 
z 
o 
f-
([ 
X 
12 
10 
8 
([ 6 
-1 
1.J 
~ 
(f) 
(f) 
1.J 4 
Ck: 
f-
(f) 
2 
o 
o . 1 
36 
STRESS-RELIEVED STRANO 
----
0.7'13 
0.735 ---
-
---
1 .0 
-
10 
TIME 
/ 
/ 
/ 
/ 
.........-
100 
(HOURS) 
/' 
/' 
/' 
,/ 
/' 
/' 
/ 
1000 10000 
Figure 3.2 Stress Relaxation vs. Time, Parabolic Curves as Presented 
by Glodowski and Lorenzetti 
(J) 
(J) 
w 
~ 
/-
(J) 
o 
Z 
IT 
~ 
/-
(J) 
x 
y 
37 
RELAX AT I ON BEFORE "TRANSFER 
40 
20 
---
------
----
----
STRES.s REDUC"TION 
AT TRANSFER 
60 
ASSUMED RELAX AT ION 
AF"TER "TRANSFER 
80 120 
100 140 
TIME (HOURS) 
160 200 
180 
Figure 3.3 Strand Stress vs. Time, Hypothetical Stress-Time Curves for a 
Prestressed Strand Before and After a Stress Transfer 
:--...: 
Z 
0 
~ 
~ 
<I 
X 
([ 
..J 
W 
CJl 
(j) 
(j) 
w 
CJl 
~ 
(j) 
38 
5 
STRESS-RELIEVED STRAND 
Tst 
fOpy "' 0.7'10 4 
Tst 
Tpy == 0.728 ----- HORIZONTAL / 
TRANSFER ~/ 
I 3 / 
/ 
/ 
:::.. / 
2 / / 
/ / 
/ / /' 
/ /' /// 
// 
7-~/ ~VERTICAL 
~- TRANSFER 
---
-----
0 
0. 1 1. ' 0 10 100 1000 10000 
TIME (HOURS) 
Figure 3.4 Stress Relaxation vs. Time, Illustration of "Horizontal" and 
"Vertical" Transfer of Curves as Presented by Glodowski and 
Lorenzetti 
12 
~10 
z 
o 
r-
cr 
x 
cr 
..J 
W 
Ol 
(f) 
(f) 
W 
Ol 
/-
(f) 
8 
6 
4 
2 
o 
0. 
3. 
~ 2.5 
z 
a 
I-
([ 
x 
2. 
([ 1.5 
..J 
w 
Ol 
(j) 
(j) 
w 
Ol 
I-
(j) 
1 • 
.5 
0. 
0. 
39 
STRESS-RELIEVED STRAND 
TpU'" 
Tsi'" 
TSi-
Tsi"" 
Tsi"" 
Tsi'" 
2<=10 ks i 
216 ksi---
203 ksi---
1 8 <=I k s i -------
176 ksi----
162 ks i -----
1 .0 10 100 
T I ME (HOURS) 
TpU'" 287 ksi 
Tsi'" 216 ksi----
Ts i '" 203 ks i---
T s i" 1 8 <=t k s i - ----- -
Tsi'" 176 ksi----
Ts i '" 162 ks i-----
1 .0 1 0 100 
TIME (HOURS) 
1000 10000 
1000 10000 
Figure 3.5 Stress Relaxation vs. Time, Curves Plotted Using Quadratic 
Equations Derived from a Statistical Analysis of the Data 
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Figure 3.7 Stress Relaxation vs. Time, Curves Plotted Using Quadratic 
Equations Developed from Results of Statistical Analysis 
of Data of Group I 
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Figure 3.8 Stress Relaxation vs. Time, Comparison of Curves Generated 
from the Quadratic Equation Developed for Stress-Relieved 
Strand and of Actual Data 
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Figure 3.9 Stress Relaxation vs. Time, Comparison of Curves Generated 
from the Quadratic Equation Developed for Low-Relaxation 
Strand and of Actual Data 
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Figure 3.11 Stress Relaxation vs. Time 3 Curves Plotted Using Quadratic 
Equations Derived from Statistical Analysis of Data of 
Low-Relaxation Strand After the Load Reduction 
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Figure 3.12 Stress Relaxation vs. Time, Effects of Varying the Load 
Reduction Variable in the Quadratic Equation Developed 
for Stress-Relieved Strand 
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Figure 3.13 Stress Relaxation vs. Time, Effects of Varying the Load 
Reduction Variable in the Quadratic Equation Developed 
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Figure 4.2 Stress Relaxation vs. Time, Comparison of Values of Stress 
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the Method Developed in This Investigation 
:-.;: 
z 
0 
H 
1-
<I 
X 
<I 
.J 
W 
O! 
(f) 
(f) 
W 
O! 
t-
(J) 
52 
5 
STRESS-RELIEVED STRAND 
f'si 
f' py '" 0.790 4 
f' s i 
f' py '" 0.728 ----- I 
/ 
3 / 
I 
/ 
/ / 
/ 
/ / / 
/ 
/ / 2 / 
/ / / / 
/ 
,,-
,,-
,,-
/ 
/ .-" --
--
.-" 
/ ...... -- ./ 
/~'-VERT I CAL 
/ TRANSFER 
./'" 
........ 
----
---
----
(2) 
o . 1 1.0 10 100 1000 10000 
TIME (HOURS) 
Figure 4.3 Stress Relaxation vs. Time 3 Comparison of Curves Before and After a 
Vertical Curve Transfer as Presented by Glodowski and Lorenzetti 
53 
14 
STRESS-RELIEVED STRAND 
12 Tsl 
T py = 0.790 
Tsi 
~ 10 T py = 
0.728---
--
-----
Tsr 
Z 
0 T py =< 
0.711---
H 8 
f-
([ 
X 
([ 
..J / 
W 6 
Ck: 
/ 
L.OAD' / 
[j) 
[j) 
W 
Ck: 4 f-
REDUCT ION ~ / / 
/ 
/ 
/ 
(f) / 
2 
-
o 
o . 1 1 . 0 10 10fZJ 1000 10000 
TIME (HOURS) 
Figure 4.4 Stress Relaxation vs. Time, Comparison of Curves Before and After 
a Vertical Curve Transfer as Predicted from the Use of Expressions 
Developed in This Investigation 
54 
APPENDIX A 
MATERIALS AND INSTRUMENTATION 
A.l Materials 
A.l.1 Prestressing Strand 
Two types of prestressing strand were tested in this investigation; 
stress-relieved and low-relaxation strand. Both types, supplied by 
Flor ida Wire and Cable Company, are seven-wire, Grade 270 K, 112 inch 
diameter strand. 
Material properties of both types of strand were measured by testing 
three samples of each in accordance with ASTM, Supplement VII of Method 
A370 (3). Elongation was measured with a pair of linear voltage 
differential transformers (LVDT' s), one mounted on ei ther side of the 
strand sample. Knife edge clamps were used to attach the LVDT's to the 
strand samples. An average of the two readings was then used for the 
elongation value. Average values of mechanical properties for both types 
of strands are listed in Table A.l. Stress-strain diagrams for each type 
of strand are shown in Figs. A.1 and A.2. 
A.l.2 Strand Grips 
Strand grips used in this investigation were 1/2 inch, Supreme brand 
reusable strand chucks, model number 630XX. This strand grip system 
developed an anchorage in which the tendons were gripped by frictional-
type split-cone wedges. 
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A.2 Instrumentation 
A.2.1 Hydraulic System 
The pres tress ing strand spec imens were tensioned wi th 30-ton, 
center-hole hydraul ic jacks. An electric hydraulic pump was used to 
tension the strand specimens at a steady stressing rate as specified in 
Appendix C. 
A.2.2 Load Indicator 
The loads wi thin the strand specimens were measured wi th tubular 
aluminum load cells. The the load cells were of 6060-T6 aluminum, 1-3/8 
inch outside diameter, 5/8 inch inside diameter, and 6· inches long. Each 
sleeve was instrumented wi th bonded wire electrical resistance strain 
gages, with a total of four gages arranged as a 4-arm bridge. 
A.2.3 Extensometer 
A mechanical dial gage was used to monitor the 112 inch strand gage 
length. Details of the extensometer assembly are given in Section B.5 of 
Appendix B. 
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Table A.1 Prestressing Strand Mechanical Properties 
Strand Offset 1 Maximum. Elastic 
Type Strength Stress Elongation Modulus 
ksi ksi % ksi 
Stress 
103 Relieved 289.9 261 .5 4.7 28.2 x 
Low 
103 Relaxation 286.7 266.0 6. 1 29. 1 x 
1 Based on 0.1 percent strain. 
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Figure A.l Stress-Strain Diagram for Stress-Relieved Strand 
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APPENDIX B 
APPARATUS 
B.l General 
Several test methods have been used to measure the amount of stress 
relaxation in a tendon. A requirement of each method was to measure the 
load in the test specimen while holding the strain constant for long 
periods of time. Four general relaxation test methods are described as 
follows: the vibration method determines the stress by measuring the 
frequency of lateral vibration in the tendon; the lever method maintains 
the tendon at a constant le~gth by adjusting the amount of weight on the 
lever arm system as required; the deflection method determines the stress 
in the tendon by measuring its lateral deflection under a known load at 
mid-length; and the balance method determines the stress in the tendon by 
measuring the force necessary to reduce the tendon anchorage reaction to 
zero, hence balancing the load in the tendon. The testing apparatus in 
this investigation used a variation of the balance method to measure the 
stresses in the strand specimens. 
B.2 Stressing Frame 
The prestressing strand specimens were tensioned between the flanges 
of 15 foot long, W12x65 wide flange beams. The specimen was positioned a 
distance of 3 inches from the beams Y axis, and held in place by means of 
an anchorage system. 
Figs. B.3 and B.4. 
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A view of the entire apparatus is shown in 
B.3 Anchorage System 
The strand specimens were held at a constant strain by an anchorage 
system bolted between the flanges of the beam. Three 6xllx2 inch steel 
plates were bol ted to the beam in the posi tions shown in Figs. B. 3 and 
B.4. A 5/8 inch diameter hole was drilled through the 6 inch thickness 
of the plate for positioning of the strand. For purposes of clarity, the 
three anchor plates will be numbered from right to left with anchor plate 
number three at the jacking end. The anchor plate number ing is shown 
in Figs. B. 3 and B. 4. An9hor plates number one and two maintained 
the constant strain wi thin the strand over long periods of time. The 
third anchor plate was used for tensioning the strand ini tially and 
balancing the load in the strand when measuring the stress. 
A nut and screw assembly was attached to the outer, 2x8 inch face 
of the inner anchor plate as shown in Fig. B. 3. Adj usting the screw 
could control the length of the strand, maintaining a constant strain. 
The adjusting screw was also used to compensate for any movement (creep) 
in the apparatus and strand grips. 
B.4 Strand Splice 
A strand splice system was then developed to pull the strand 
specimen as shown in Fig. B.5. Each of two strand chucks were threaded a 
distance of approxima tely 2 inches from the cap end on its ou ter 
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surface. A long connecting sleeve was used to join the two threaded 
chucks back to back. A 144 inch strand specimen was gripped by one chuck 
of the splice while a 45 inch tensioning strand was gripped by the other 
splice chuck as shown in Fig. B.4. Therefore, the chuck gr ipping the 
strand specimen always carried the full load being applied to the strand. 
B.5 Extensometer 
The gage length of the strand specimen was monitored with a 112 inch 
extensometer as shown in Fig. B.6. The arm of the extensometer was 
made from lxlx1/8 inch steel angle and was attached to the strand by 
means of an aluminum clamping device, Fig. B.7. This device was 
restrained against rotating, about the strand by use of two leveling 
screws positioned on the upper and lower ends of the clamp. The screws 
rested against strips of plexiglass glued to the web of the beam. This 
gave the screw tips a smooth surface to slide along while keeping the 
clamping device parallel to the beam's web. The steel angle rested upon 
rollers to keep it level. A mechanical dial gage was at tached to the 
free end of the steel angle. 
A second clamping device, located a distance of 112 inches center to 
center from the first, was attached to the strand specimen in the same 
fashion as the first. A slotted 4 inch piece of steel angle was fastened 
to the second clamp, allowing the tip of the dial gage spindle to be 
posi tioned in the slot. A condi tion of constant strain could be 
maintained by monitoring the gage length of the strand specimen with the 
extensometer and adjusting the strand holding apparatus as necessary. 
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Figure B.1 Testing Apparatus 
63 
Figure B.2 Fixed Anchorage End (Top) and Jacking End (Bottom) 
of Testing Apparatus 
o 
o 0 
o O~I---------------------------------------------------------l 
o 
1. Anchor Plate Number One 
4. Wide Flange Beam 
5. Strand Specimen 
7. Clamping Device 
15. End Chuck 
16. Extensometer Arm 
17. Support Roller 
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APPENDIX C 
DESCRIPTION OF TEST PROCEDURE 
C.1 Test Conditions 
Before testing, all strands had to first acclimate to a room 
temperature of 68°F. + 3.5°F. for a period of no less than 24 hours. 
The testing room was maintained at this temperature throughout the 
duration of all tests. 
C.2 Specimen Loading 
The following procedure was used for loading all strand specimens. 
For purposes of clar i ty, the three anchor plates will be numbered from 
right to left with anchor plate number three at the jacking end. 
The strand specimen was first loaded into the stressing frame by 
placing each end of the 144 inch strand through the positioning holes of 
anchor plates number one and two. The strand was left protruding 3 
inches out past the adjusting screw of anchor plate two. One washer and 
splice chuck were placed over the protruding end of the strand. The free 
end, opposite the splice chuck, was pulled taut through anchor plate one 
and a washer and end chuck were slipped over the end. 
A 45 inch tensioning strand was slipped through the hydraulic jack 
and through anchor plate number three. The second splice chuck was 
attached to the tensioning strand between anchor plates two and three. 
Both splice chucks were then screwed into the splice sleeve as shown in 
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Fig. B.4. The following were applied in order over the free end of the 
tensioning strand; washer, spherical washer assembly, load cell, second 
spherical washer assembly, and an end chuck, as shown in Fig. C.l. The 
spherical washer assembly distributed load to the load cell uniformly 
to reduce errors in load readings. 
The load cell strain indicator was zeroed and then a 1000 lbs. load 
was applied to the strand. This allowed the extensometer to be placed 
easily on the taut strand. The back end extensometer clamp assembly was 
attached to the strand approximately 2 inches from anchor plate one. The 
extending 110 inch steel angle rested on two rollers which kept it 
parallel to the bottom flange of the beam. The front end extensometer 
clamp assembly was at tached to the strand approximately 2 inches from 
anchor plate two. The mechanical dial gage was bolted to the free end of 
the steel angle and posi tioned so the gage spindle contacted the front 
clamp assembly. The extensometer assembly is shown in Fig. B.5. 
Leveling screws on both clamp assemblies were adjusted until the entire 
assembly was unable to rotate and positioned parallel to the web of the 
beam. 
C.3 Testing 
Once the specimen had been loaded in the loading frame and had been 
subj ec ted to the ini tial 1000 lb. load, the following procedure was 
performed for every strand specimen. The remaining load was appl i ed 
uniformly over a per iod of fi ve minutes. The final load, minus 1000 
lbs. applied previously, was divided into five equal increments and 
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each was applied over a per iod of one minute. If the target load was 
attained before the end of that minute, the load was held constant until 
the s tart of the next minute, except dur ing the last minute when full 
load was reached. During the fifth minute, extensometer clamp assemblies 
were tightened onto the strand, both two inches from their respecti ve 
anchor plates, to set the gage length at 112 inches. Final adjustments 
were made to the leveling screws until clamp assemblies were unable to 
rotate and were parallel to the web of the beam. The spindle tip of the 
dial gage was posi tioned in the slot of the steel angle on the front 
clamp assembly. At the instant the specified full load was reached, even 
if the full five minutes had not elapsed, the dial indicator was set to 
zero and the test was begun. 
After full load ~ad been reached and the test had been started, the 
strain in the strand was held constant wi th the hydraulic jack for six 
minutes, at which time a reading was taken from the strain indicator 
attached to the load cell. The load was then released from the jack and 
transferred to anchor plate number two. A 1-1/2 inch horseshoe spacer 
was used to fill the gap between the adjusting screw and splice chuck as 
shown in Fig. B.5. The adjusting screw was tightened against the 
horseshoe spacer until the dial indicator deflected approximately .008 
inch beyond the original gage length. This increased deflection was 
needed to compensate for shear deformation in the anchor plate and strain 
within of the adjusting screw assembly and horseshoe spacer. After the 
load was released from the hydraulic jack, it was required that the total 
length of strand between the ends of the extensometer be wi thin + • 001 
inch of the original gage length. 
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Subsequent strain readings were taken at the following time 
intervals, each being measured from the time full load was reached: 30 
minutes, 1 hour, 2.5 hours, 6 hours, 24 hours, 48 hours, 96 hours, 168 
hours, then once a week until the specified time length was reached. 
C.4 Load Readings 
Before measur ing the load in a strand spec imen, a zero load cell 
reading was recorded from the strain indicator. Pressure was then 
applied to the hydraulic jack, to balance the load in the specimen, until 
the horseshoe spacer could just be removed. The load was then carried 
through the load cell to the jack. Pressure was slowly released from the 
jack until the dial indicato~ reached the zero reference point. At that 
instant, a reading from the strain indicator attached to the load cell 
was recorded. Pressure was then increased in the jack until the 
horseshoe spacer could just be replaced. The load was then transferred 
from the jack to anchor plate two. 
C.5 Load Reduction 
A list of the reduced stresses for strand specimens in Group II is 
given in Table 2.2. The load reductions occurred at a time of 24 hours 
after ini tial loading. At the 24 hour interval, the load reading was 
taken as in the previous section. Once recorded, the load was reduced to 
the new specified load and measured with the strain indicator. The dial 
indicator was then set to a new zero position corresponding to the strain 
in the strand at the time the reduced load was first reached. The 
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adjusting screw was turned clockwise until the horseshoe spacer was again 
able to fit. As before, the adjusting screw was tightened until the gage 
needle deflected approximately .008 inch beyond the new gage length. The 
pressure was then released from the jack and transferred to anchor plate 
two. Aga in, the total leng th of strand bet ween the ends of the 
extensometer was required to be wi thin + .001 inch of the zero posi tion 
of the new gage length. 
Subsequent readings were then taken at the same intervals as before, 
except each was now measured from the time at which the reduced load had 
been reached. 
6. Tensioning Strand 
12. Hydraulic Jack 
13. Spherical Washer Assemblies 
Cross-Section of 
Spherical Washer 
Assembly 
14. Load Cell 
15. End Chuck 
19. Washer 
Figure C.1 Jacking End of Testing Apparatus, Details of Load-Balancing Assembly 
--.:J 
-1:= 
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APPENDIX D 
TEST DATA 
This appendix contains the listings of all raw data obtained in 
this experimental investigation. A listing of all data obtained in the 
Group I tests in which strands were held under condi tions of constant 
strain is gi ven in Table D. 1 . A listing of all data obtained in the 
Group II tests in which strands were subjected to a stress reduction at a 
time of 24 hours is given in Table D.2. 
Table D.l Group I Test Data 
SR1 SR2 SR3 
Strand Stress Strand Stress Strand 
Time Load Relax. Time Load Relax. Time Load 
Hours kips % SR Hours kips % SR Hours kips 
0.0 24.79 0.00 0.0 26.85 0.00 0.0 29.92 
o. 1 24.74 0.21 O. 1 26.81 o. 15 O. 1 29.74 
0.5 24.71 0.32 0.5 26.75 0.37 0.5 29.65 
1 .0 24.66 0.51 1 .0 26.74 0.40 1 .0 29.50 
6.0 24.59 0.81 6.0 26.66 0.71 6.0 29.32 
24.0 24.55 0.97 24.0 26.57 1 .04 ·24.0 29.10 
48.0 24.48 1 .25 48.0 26.48 1 .38 48.0 29.00 
96.0 24.43 1 .45 96.0 26.48 1 .38 96.0 28.88 
168.8 24.37 1 .69 164.9 26.40 1 .65 168.3 28.85 
336.8 24.31 1 .94 332.9 26.28 2. 12 336.3 28.66 
504.8 24.27 2.08 500.9 26.23 2.31 504.3 28.54 
672.9 24.27 2.10 668.9 26. 16 2.57 671 .5 28.48 
840.9 24.25 2.16 836.9 26. 12 2.73 840.2 28.37 
1009.4 24.24 2.22 1005.9 26.08 2.85 1007.6 28.33 
1154.0 24.23 2.26 1152.9 26.04 3.02 1132.8 28.28 
-- -- -- -- -- -- -- --
-- -- -- -- -- -- -- --
-- -- -- -- -- -- -- --
-- -- -- -- -- -- -- --
-- -- -- -- -- -- -- --
Stress 
Relax. Time 
% SR Hours 
0.00 0.0 
0.60 O. 1 
0.91 0.5 
1 .40 1 .0 
2.01 2.5 
2.74 5.8 
3.08 11 .2 
3.48 23.4 
3.58 52. 1 
4.21 95.6 
4.61 168.4 
4.81 335.4 
5. 18 503.7 
5.31 671 .8 
5.48 839.1 
-- 1008.0 
-- --
-- --
-- --
-- --
SR4 
Strand 
Load 
kips 
29.92 
29.84 
29.72 
29.65 
29.55 
29.46 
29.33 
29. 17 
29.03 
28.93 
28.82 
28.67 
28.57 
28.52 
28.48 
28.46 
--
--
--
--
Stress 
Relax. 
% SR 
0.00 
0.26 
0.68 
0.91 
1 .22 
1. 53 
1 .97 
2.50 
2.96 
3.31 
3.67 
4. 16 
4.49 
4.67 
4.80 
4.87 
--
--
--
--
-..;j 
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Table D.l (Cont 'd.) 
SR5 SR6 LL1 LL2 
- -
Strand Stress Strand Stress Strand Stress Strand Stress 
Time Load Relax. Time Load Relax. Time Load. Relax. Time Load Relax. 
Hours kips % SR Hours kips % SR Hours kips % SR Hours kips % SR 
0.0 30 .. 98 0.00 0.0 33.05 0.00 0.0 24.79 0.00 0.0 26.96 0.00 
0.1 30 .. 89 0.29 o. 1 32.92 0.39 O. 1 24.73 0.24 O. 1 26.86 0.33 
0.5 30 .. 82 0.52 0.5 32.74 0.94 0.5 24.12 0.30 0.5 26.81 0.56 
1 .0 30 .. 78 0.65 1 .0 32.59 1 .39 1 .0 24.70 0.38 1 .0 26.80 0.62 
6.0 30 .. 57 1 .32 6.0 32.32 2.21 2.3 24.69 0.41 2.5 26.78 0.69 
24.0 30 .. 31 2. 16 24.0 31 .94 3.36 6.0 24.68 0.45 5.6 26.77 0.72 
48.0 30 .. 13 2.74 48.0 31 .76 3.90 23.3 
-....:J 
24.66 0.53 22.5 26.74 0.84 -....:J 
96.0 29 .. 94 3.36 96.0 31 .49 4.72 48.0 24.63 0.65 47.2 26.72 0.91 
168.3 29 .. 86 3.61 168.0 31 .16 5. 18 96.8 24.61 0.71 96.0 26.70 0.98 
336.3 29 .. 58 4.52 336.0 30.93 6.39 172.3 24.61 0.73 171 .5 26.69 1 .01 
504.2 29 .. 51 4.75 503.0 30.70 7 . 11 342.3 24.58 0.83 341 .5 26.65 1 .16 
671 .3 29 .. 35 5.26 671 .5 30.61 7.38 504.5 24.57 0.87 503.7 26.64 1 . 18 
839.9 29 .. 26 5.55 839.0 30.50 7.70 672.5 24.56 0.93 671 .7 26.63 1 .23 
1007.3 29 .. 24 5.61 1006.5 30.39 8.05 840.5 24.55 0.97 839.7 26.62 1 .27 
1131.6 29 .. 20 5.75 1174.8 30.37 8.12 1008.5 24.54 1 .01 1007.7 26.61 1 .31 
-- --- -- 1342.9 30.19 8.65 -- -- -- -- -- --
-- --- -- 1510.9 30.15 8.78 -- -- -- -- -- --
-- --- -- 1679.2 30.09 8.97 -- -- -- -- -- --
-- -- -- 1847.9 30.04 9.12 -- -- -- -- -- --
-- -- -- 2000.0 30.00 9.24 -- -- -- -- -- --
Table D.l (Cont 'd.) 
LL3 LL4 
Strand Stress Strand Stress 
Time Load Relax. Time Load Relax. Time 
Hours kips % SR Hours kips % SR Hours 
0.0 28.92 0.00 0.0 28.92 0.00 0.0 
O. 1 28.80 0.41 O. 1 28.86 O. 18 O. 1 
0.5 28.78 0.49 0.5 28.80 0.40 0.5 
1 .0 28.76 0.56 3.0 28.74 0.61 2. 1 
2.3 28.73 0.64 6.0 28.71 0.71 . 5.8 
6.0 28.72 0.70 12.0 28.70 0.74 11 . 1 
11 .3 28.64 0.80 24.0 28.70 0.76 23.7 
24.0 28.67 0.86 47.2 28.65 0.91 47.7 
48.0 28.65 0.93 95. 1 28.62 1 .01 96.7 
95. 1 28.63 1 .02 166.7 28.61 1 .06 168.2 
168.5 28.61 1 .08 334.7 28.59 1 . 1 4 336.6 
336.8 28.58 1 . 1 7 507.6 28.57 1 .21 504.4 
504.6 28.56 1 .24 670.8 28.54 1 .30 671 .9 
672.1 28.54 1 .30 839.8 28.53 1 .35 842.6 
842.8 28.53 1 .34 1006.4 28.51 1 .40 1007.6 
1007.8 28.53 1 .37 -- -- -- ---
-- -- -- -- -- -- --
-- -- -- -- -- -- --
-- -- -- -- -- -- --
-- -- -- -- -- -- --
LL5 
Strand Stress 
Load Relax. 
kips % SR 
30.98 0.00 
30.90 0.27 
30.85 0.45 
30.81 0.56 
30.80 0.60 
30.77 0.68 
30.74 0.78 
30.73 0.83 
30.69 0.95 
30.67 1 .00 
30.63 1 . 1 4 
30.62 1 .91 
30.60 1 .24 
30.59 1 .28 
30.57 1 .35 
-- --
-- --
-- --
-- --
-- --
Time 
Hours 
0.0 
O. 1 
0.5 
3. 1 
6.0 
24. 1 
48.3 
77.4 
168.6 
336. 1 
506.7 
671 .7 
839.7 
1032.2 
1200.2 
1368.2 
1536.2 
1704.2 
1851.9 
2000.0 
LL6 
-
Strand 
Load 
kips 
33.05 
32.97 
32.91 
32.84 
32.82 
32.77 
32.72 
32.70 
32.68 
32.63 
32.61 
32.58 
32~56 
32.55 
32.54 
32.54 
32.52 
32.52 
32.47 
32.47 
Stress 
Relax. 
% SR 
0.00 
0.24 
0.43 
0.65 
0.71 
0.85 
0.99 
1 .05 
1 .13 
1 .28 
1 .33 
1 041 
1.47 
1 .52 
1 .55 
1 .56 
1 .60 
1 .61 
1 .77 
1 .77 
-..:] 
<X> 
Table D.2 Group II Test Data 
SR7-5 SR8-5 SR9-5 
Strand Stress Strand Stress Strand Stress 
Time Load Relax. Time Load Relax. Time Load Relax. 
Hours kips % SR Hours kips % SR Hours kips % SR 
0.0 26.86 0.00 0.0 28.92 0.00 0.0 30.98 0.00 
O. 1 26.81 0.18 o. 1 28.78 0.46 O. 1 30.88 0.33 
0.5 26.75 0.42 0.5 28.71 0.72 0.5 30.76 0.73 
1 .. 0 26.68 0.67 1 .0 28.64 0.95 1 .0 30.68 0.98 
2.5 26.65 0.77 2.0 28.55 1 . 1 8 2.3 30.58 1 .32 
6.3 26.60 0.95 6.4 28.50 1 .46 5.8 30.42 1 .83 
17.3 26.56 1 . 1 3 17.4 28.41 1 .75 16.6 30.22 2.46 
24.0 26.54 1 .20 24.0 28.35 1 .96 24.0 30. 17 2.62 
-LOAD REDUCTION- -LOAD REDUCTION- -LOAD REDUCTION-
0.0 24.79 0.00 0.0 26.76 0.00 0.0 28.92 0.00 
1 .0 24.79 0.00 1 .0 26.76 0.02 1 .0 28.91 0.03 
6.0 24.78 0.04 6.0 26.74 0.07 6.0 28.88 0.14 
23.4 24.75 0.16 23.5 26.68 0.29 24.0 28.84 0.27 
47.6 24.70 0.36 47.8 26.64 0.46 47.0 28.81 0.38 
92.0 24.68 0.42 93.0 26.56 0.75 93.8 28.72 0.70 
1 66. 1 24.64 0.59 1 66. 1 26.49 1 .01 1 61 e 9 28.60 1 . 11 
334.4 24.59 0.77 334.5 26.38 1 .41 329.3 28.43 1 . 70 
502.4 24.56 0.91 502.4 26.28 1 .79 499.1 28.28 2.20 
668.2 21-+ .50 1 .15 668.2 26.24 1 .96 667.5 28.26 2.30 
867.7 24.46 1 .30 867.7 26.20 2.10 868.2 28.17 2.60 
-- -- -- -- -- -- -- -- --
SR10-5 
Strand Stress 
Time Load Relax. 
Hours kips % SR 
0.0 30.98 0.00 
O. 1 30.91 0.25 
0.5 30.79 0.63 
1 .0 30.75 0.75 
2.5 30.68 0.99 
8.0 30.54 1 .43 
19.0 30.40 1 .90 
24.0 30.31 2. 18 
-LOAD REDUCTION-
0.0 28.92 0.00 
1 .0 28.90 0.05 
3.0 28.89 0.08 
6.0 28.88 o. 13 
24.0 28.80 0.42 
48.8 28.73 0.65 
96.0 28.65 0.93 
168.5 28.55 1 .27 
333.0 28.39 1 .84 
501 .5 28.28 2.21 
669.3 28. 15 2.65 
837.0 28.07 2.94 
--.:J 
1..0 
Table D.2 (Cont'd.) 
SR11-5 SR12-10 SR13-10 
Strand Stress Strand Stress Strand Stress 
Time Load Relax. Time Load Relax. Time Load Relax. 
Hours kips % SR Hours kips % SR Hours kips % SR 
0.0 33.05 0.00 0.0 28.92 0.00 0.0 30.96 0.00 
O. 1 32.76 0.86 O. 1 28.79 0.44 O. 1 30.81 0.51 
0.5 32.55 1 .51 0.5 28.68 0.80 0.5 30.68 0.92 
1 .0 32.44 1 .82 1 .0 28.61 1 .05 1 .0 30.59 1 .20 
2.5 32.24 2.45 2.7 28.58 1 .15 6.0 30.36 1 .94 
6.0 32.02 3.10 6.0 28.51 1 .41 9.8 30.24 2.32 
16.8 31 . 71 4.05 11 .4 28.38 1 .85 18.6 30.10 2.79 
24.0 31 .62 4.33 24.0 28.25 2.31 24.0 30.00 3. 11 
-LOAD REDUCTION- -LOAD REDUCTION-
-LOAD REDUCTION-
0.0 30.98 0.00 0.0 24.79 0.00 0.0 26.85 0.00 
1 .0 30.98 0.00 1 .6 24.79 0.00 0.5 26.85 0.00 
6.0 30.95 o. 13 6.0 24.78 0.02 1 .0 26.84 0.02 
24.0 30.86 0.41 11 . 2 24.78 0.02 6.0 26.83 0.06 
47.2 30.76 0.71 24.0 24.77 0.06 9.8 26.82 0.09 
94.0 30.62 1 . 1 9 52. 1 24.76 0.10 19.3 26.82 0.13 
1 62. 1 30.47 1 .66 95.5 24.75 0.16 24. 1 26.81 0.16 
330.5 30.22 2.47 167.9 24.73 0.22 43.8 26.79 0.22 
498.3 30.05 3.00 335.7 24.69 0.38 96.3 26.75 0.38 
666.7 30.01 3. 15 503.8 24.66 0.49 163.8 26.72 0.49 
867 . 1 29.90 3.51 -- -- -- 331 .8 26.67 0.66 
-- -- -- -- -- -- 499.8 26.63 0.82 
SR14-10 
Strand Stress 
Time Load Relax. 
Hours kips % SR 
0.0 30.98 0.00 
O. 1 30.88 0.35 
0.5 30.76 0.71 
1 .0 30.65 1 .08 
3.0 30.58 1 .32 
6.0 30.46 1 .70 
24.0 30.24 2.41 
-- -- --
-LOAD REDUCTION-
0.0 26.85 0.00 
1 .0 26.84 0.04 
3.0 26.84 0.06 
6.0 26.81 o. 15 
24.0 26.78 0.26 
53.2 26.74 0.44 
96.3 26.72 0.51 
152.2 26.66 0.72 
333.7 26.60 0.93 
458.6 26.05 1 . 1 2 
669.7 26.52 1 .24 
-- -- --
-
()::) 
o 
Table D.2 (Cont'd.) 
SR15-10 LL7-5 LL8-5 LL9-5 
Strand Stress Strand Stress Strand Stress Strand Stress 
Time Load Relax. Time Load Relax. Time Load Relax. Time Load Relax. 
Hours kips % SR Hours kips % SR Hours kips % SR Hours kips % SR 
0.0 33.05 0.00 0.0 26.85 0.00 0.0 28.92 0.00 0.0 28.92 0.00 
O. 1 32.95 1 .00 O. 1 26.82 0.13 O. 1 28.83 0.30 O. 1 28.85 0.21 
0.5 32.58 1 .39 0.5 26.76 0.33 0.5 28.78 0.46 0.5 28.81 0.38 
1 .0 32.50 1 .65 1 .0 26.76 0.35 1 .0 28.76 0.56 1 .0 28.80 0.41 
6.0 32.13 2.77 2.5 26.74 0.42 2.7 28.74 0.62 4.3 28.75 0.56 
10.0 3"1.94 3.35 6.0 26.73 0.46 6.0 28.72 0.69 7.0 28.74 0.61 
co 
18. '7 31 .76 4.90 19.0 26.71 0.53 19.2 28.70 0.79 18.8 28.73 0.64 
24.0 31 .65 4.22 24.0 26.70 0.57 24.0 28.68 0.83 24.0 28.71 0.72 
-LOAD REDUCTION- -LOAD REDUCTION- -LOAD REDUCTION- -LOAD REDUCTION-
0.0 28.92 0.00 0.0 24.79 0.00 0.0 26.85 0.00 0.0 26.85 0.00 
0.5 28.91 0.02 1 .0 24.79 0.00 1 .0 26.85 0.00 1 .0 26.85 0.00 
1 .0 28.92 0.00 5.5 24.78 0.04 5.7 26.84 0.04 2.8 26.84 0.02 
6.0 28.91 0.04 25.0 24.75 O. 14 25. 1 26.81 0.17 5.8 26.84 0.04 
10.0 28.89 0.09 48.5 24.73 0.24 48.7 26.80 0.20 23.8 26.83 0.07 
19.5 28.87 o. 17 89.2 24.72 0.28 89.4 26.79 0.24 47.8 26.81 0.16 
24.3 28.86 0.19 169.2 24.71 0.32 169.4 26.77 0.31 104.6 26.79 0.22 
44.0 28.84 0.27 331 .0 24.70 0.36 337.2 26.75 0.40 167.8 26.77 0.29 
96.5 28.78 0.47 500.0 24.69 0.38 500.0 26.73 0.47 334.8 26.76 0.35 
164.0 28.72 0.68 -- -- -- -- -- -- 482. 1 26.74 0.42 
332.0 28.63 1 .00 -- -- -- -- -- -- 671 .3 26.73 0.46 
500.0 28.54 1 .30 -- -- -- -- -- -- 840.0 26.72 0.49 
Table D.2 (Cont'd.) 
LL10-5 LL11-5 LL12-5 
Strand Stress Strand Stress Strand Stress 
Time Load Relax. Time Load Relax. Time Load Relax. 
Hours kips % SR Hours kips % SR Hours kips % SR 
0.0 30.98 0.00 0.0 30.98 0.00 0.0 33.05 0.00 
O. 1 30.86 0.43 o. 1 30.93 0.17 O. 1 32.95 0.30 
0.5 30.81 0.57 0.5 30.91 0.24 0.5 32.85 0.59 
1 .0 30.79 0.62 1 .0 30.89 0.30 1 .0 32.83 0.67 
3.3 30.67 0.73 4.5 30.86 0.40 3.4 32.78 0.82 
6.0 30.72 0.84 7.0 30.85 0.44 .6.0 32.76 0.87 
10.8 30.70 0.90 19.0 30.83 0.51 11 .0 32.76 0.93 
24.0 30.68 0.96 24.0 30.81 0.57 24.0 32.70 1 .05 
-LOAD REDUCTION- -LOAD REDUCTION- -LOAD REDUCTION-
0.0 28.92 0.00 0.0 28.92 0.00 0.0 30.98 0.00 
1 .0 28.91 0.02 1 .0 28.91 0.03 1 .0 30.98 0.00 
6.0 28.90 0.07 3.0 28.90 0.07 6.0 30.97 0.05 
24.0 28.88 o. 13 6.0 28.87 0.15 24.2 30.94 o. 16 
47.9 28.85 0.23 24.0 28.86 0.20 48. 1 30.89 0.30 
93.9 28.82 0.34 48.0 28.83 0.31 94. 1 30.87 0.36 
173.9 28.80 0.39 104.8 28.82 0.34 174. 1 30.85 0.43 
335.8 28.77 0.41 168.0 28.79 0.44 336.0 30.81 0.55 
503.2 28.76 0.56 334.0 28.77 0.49 503.4 30.79 0.63 
-- -- -- 482.3 28.76 0.54 -- -- --
-- -- -- 671 .5 28.74 0.61 -- -- --
-- -- -- 840.0 28.73 0.64 -- -- --
LL13-10 
Strand Stress 
Time Load Relax. 
Hours kips % SR 
0.0 28.92 0.00 
O. 1 28.80 0.40 
0.5 28.74 0.61 
1 .0 28.73 0.64 
2.3 28.70 0.74 
6.0 28.68 0.84 
19.8 28.64 0.95 
24.0 28.63 0.99 
-LOAD REDUCTION-
0.0 24.79 0.00 
1 .0 24.79 0.00 
6.0 24.79 0.00 
23.8 24.77 0.06 
43.8 24.76 0.10 
92.0 24.76 O. 12 
146.6 24.74 o. 18 
308.0 24.73 0.22 
503.7 24.72 0.26 
-- -- --
-- -- --
-- -- --
co 
f\.) 
Table D.2 (Cont'd.) 
LL14-10 LL15-10 LL16-10 
Strand Stress Strand Stress Strand Stress 
Time Load Relax. Time Load Relax. Time Load Relax. 
Hours kips % SR Hours kips % SR Hours kips % SR 
0.0 30.97 0.00 0.0 30.98 0.00 0.0 33.05 0.00 
O. 1 30.83 0.44 O. 1 30.92 0.21 O. 1 32.97 0.22 
0.5 30.79 0.59 0.5 30.87 0.38 0.5 32.84 0.73 
1 .0 30.76 0.67 1 .0 30.86 0.41 1 .0 32.81 0.80 
2.8 30.72 0.81 3.0 30.83 0.51 2.5 32.76 0.99 
5.8 30.69 0.90 6. 1 30.80 0.60 6.0 32.72 1 .13 
en 11 .8 30.65 1 .03 24.0 30.74 0.77 12.0 32.68 1 .23 w 
24.0 30.63 1 . 1 1 24.0 32.65 1 .36 
-LOAD REDUCTION-
-LOAD REDUCTION-
-LOAD REDUCTION-
0.0 26.85 0.00 0.0 26.85 0.00 0.0 28.92 0.00 
1 .0 26.85 0.02 1 .0 26.85 0.00 1 .0 28.92 0.00 
2.8 26.85 0.00 3.0 26.84 0.06 2.8 28.91 0.02 
6.5 26.84 0.04 6.0 26.83 0.07 6.6 28.90 0.05 
12.3 26.83 0.09 24.0 26.82 o. 11 12.5 28.89 0.08 
23.8 26.82 0.13 53.3 26.82 0.13 24.0 28.88 0.12 
48.3 26.81 o. 17 96.4 26.81 o. 15 48.5 28.87 o. 17 
96.0 26.80 0.20 152.3 26.80 0.20 96.0 28.86 0.20 
1 68. 1 26.79 0.24 333.8 26.78 0.29 168.3 28.84 0.27 
335.8 26.78 0.29 458.8 26.77 0.31 336.0 28.83 0.31 
504.3 26.77 0.33 669.5 26.75 0.38 504.4 28.81 0.36 
840.0 26.74 0.40 
84 
LIST OF REFERENCES 
1. ACI Commi ttee 318, "Building Code Requirements for Reinforced 
Concrete (ACI 318-83)," American Concrete Institute, Detroit, 
September 1983. 
2. Antill, J. M., "Relaxation Characteristics of Prestressing Tendons," 
Civil Eng. Trans. of Inst. of Eng., Australia, Vol. CE7, No.2, 
October 1965, pp. 151-159. 
3. ASTM A 370 Supplement VII, "Method of Testing Uncoated Seven-Wire 
Stress-Relieved Strand for Prestressed Concrete." 
4. ASTM A 416-80, "Uncoated Seven-Wire Stress-Relieved Strand for 
Prestressed Concrete." 
5. Dumas, F., "The Necessity for the Use of the Highest Class Materials 
in Prestressed Concrete Construction," RILEM Symposium on Special 
Reinforcements for Reinforced Concrete and on Prestressing 
Reinforcements, Lieye, Belgium, 1958. 
6. Gi fford, F. W., "Creep Tes ts on Pres tress i ng Steel," Magaz ine of 
Concrete Research, Cement and Concrete ASSOCiation, Vol. 15, No. 14, 
December 1953. 
7. Glodowski, R. J. and Lorenzetti, J. J., "A Method for Predicting 
Prestress Losses in a Prestressed Concrete Structure," PCI~Journal, 
Vol. 17, No.2, March/April 1972, pp. 17-31. 
8. Hernandez, H. D. and Gamble, W. L., "Time-Dependent Prestress Losses 
in Pretensioned Concrete Construction, II Structural Research Series 
No. 417, Ci viI Engineering Studies, University of Illinois 
at Urbana-Champaign, Urbana, May 1975. 
9. Kajfasz, S., "Some Relaxation Tests on Prestressing Wire," Magazine 
of Concrete Research, Vol. 10, No. 30, November 1958. 
10. Magura, D. D., Sozen, M. A. and Siess, C. P., "A Study of Stress 
Relaxation in Prestressing Reinforcement," PCI Journal, Vol. 9, 
No.2, April 1964, pp. 13-57. 
11. Pr es ton, H. K., "Pr iva te Communication, Testing Seven-Wire 
Pcestcessed Concrete Strand,1I January 1984. 
